Abstract-A recalculation of the global changes of thermospheric gas composition, resulting from strong heat inputs in the aurora1 ovals, shows that (contrary to some previous suggestions) widespread increases of mean molecular mass are produced at mid-latitudes. in summer and at equinox. Decreases of mean molecular mass occur at mid-latitudes in winter. Similar results are given by both the 'UCL' and 'NCAR TIGCM' three-dimensional models. The computed composition changes now seem consistent with the local time and seasonal response observed by satellites. and can broadly account for 'negative storm effects' in the ionospheric F&layer at mid-latitudes.
INTROD~i~IO~
Some decades ago, it was suggested that the depletions of electron density in the ionospheric F2 layer during magnetic storms might be due to increased concentrations of the molecular gases 0, and N1 (SEATON, 1956 ; RISHRETH, 1962) . No mechanism for such composition changes was advanced at the time, but the idea evolved gradually that they might result from a global scale 'storm circulation' in the thermosphere. This idea was discussed qualitatively by DUNCAN (1969) and subsequently developed by MAYK and VOLLAND (1972) , OBAYASHI and MATL~URA (1972) , HAYS ct ~1. (1973) and RISHRETH (I 974) .
A review of satellite observations by PR~LSS (1980) showed that the latitude penetration of the composition changes depends on local time and season. In the night and morning sectors the storm response (i.e. the increase in mean molecular mass) extends to lower latitudes than in the afternoon sector. In summer. the response has a rather flat latitude variation, which extends to quite low latitudes. whereas in winter the response is larger. but confined to higher latitudes. Ionospheric changes correlate with the composition changes. both in latitude and in local time. The study of FZ-layer storm effects by WRENS C/ ul. (1987) essentially confirmed PR~~LSS ' (1980) et al., 1984) . A crucial question was whether global-scale composition changes (spccifitally, increases of molecular gas concentration) could be produced by localized heat inputs in the aurora1 ovals. The NCAR thermospheric global circulation model (TIGCM) has been used to describe composition changes ( ROBLE et al., 1987 ; CROWLEV et al., 1989; BURNS et al., 1989) , though it has not been used to compute F2-layer storm effects. Computations with the UCL model. both in its '3DTD ' (three-dimcnsional, time-dependent) and '2DTD' (two-dimensional) versions (RISHB~TH et ab. 1985 , 1987a , cast doubt on the composition change theory. as they implied that the molecular enhancements are confined in latitude to within a few degrees of the aurora1 ovals.
We have recently found that both versions of the UCL model seriously underestimated the horizontal transport of molecular gas. In this paper we present corrected results showing that the horizontal transport of molecular gas is indeed important in producing composition changes. We compare the 'new' (corrected) results with those of the 'old' model, and show that the 'new' results agree with those of the NCAR model. (1975) . The maps show the situation at I8 UT at December solstice, sunspot maximum (I 0.7 cm solar flux = 185). The imposed storm lasts 6 h, during which the highlatitude power input from aurora1 precipitation is 125 GW in each hemisphere, roughly corresponding to K,, = 6-(FOSTER rt al.. 1986); about half of this input goes into direct heating of the neutral air. The main heat input comes from Joule heating through a combination of the increased convection electric field and enhanced conductivity. Joule heating is typically four times the particle heating rate, giving a total heat input of about 300 GW per hemisphere. In Fig. Ic the contour that separates the regions of AA4 > 0 and AM < 0 lies within a few degrees of the aurora1 oval, apart from an extended region of very slight molecular enhancement (A.M < 0.227) at 45% 75 latitude in the noon sector. Over the whole midlatitude and low-latitude region. AM is slightly negativc. corresponding to a slight cnhanccmcnt of the proportion of atomic oxygen. In Fig. I Figure 2 shows the latitude dependence of M at four local times (LT) for quiet-day conditions (Q), and at the end of the 6-h storm (S), the 'S' curves being cross-sections of Fig. lb . In the southern (summer) hemisphere, the storm increases of M (i.e. AM > 0) extend to quite low latitudes (about 25 ) in the OOG 06 LT sector. but only to about 40 at I2 LT and 50 at I8 LT. In the northern (winter) hemisphere, AM < 0 at latitudes up to 50~-60 at all local times.
RESULTS FROM THETWO-DIMENSIONAL MODEL AT EQUINOX
Wc now present results for a storm simulation at equinox, using the UCL zonally averaged model at a lower level of solar activity (I 0.7 cm solar flux = 160). In this model, cooling by nitric oxide (KOCKARTS. 1980) is included self-consistently in the temperature computations.
The storm input is characterized by increases in aurora1 precipitation and Joule heating, from quiet conditions at activity level 5 (corresponding to K,, = 2) as defined by FOSTER et al.
(1986) FULLER-RowELL~~~EvANs(I~~~)~~~EvANs rt cd. (1988) . During the first 6 h of the storm, the energy input is raised to level IO (K,? = 6) and is reduced to level 9 (K,, = 5) for 6 h. before returning to the quiet-time level 5 for the recovery phase. which continues for a further 4 days. Figure 3 shows the latitude variation of mean molecular mass for equinox at pressure level Z = I3 in the two-dimensional model, for which the base level Z = I lies at 70 km. Under quiet conditions the pressure level Z = I3 lies at a real height h = 270 km, but during the storm its height rises to about 330 km in the aurora1 oval and 300 km at the equator. placement between the peaks of M and of W, is only about 3 ' at 3 ST, but increases to about 10 at the end of the storm at I2 ST. Thereafter, the localized efTects in bot.h tcmperalure and W, rapidly decrease, and have greatly declined by 18 ST. The composition effect persists, and is still marked at 24 ST. In a further computation (not plotted), in which the storm energy input continued at level 8 (K,, = 4) to I8 ST, the molecular mass vs latitude profile does not change much between 12 and I8 ST, which suggests that the composition effect is more-or-less saturated by 12 ST.
At low latitudes the mean molecular mass decreases during the storm, typically by 0.5 unit. By 6 ST the boundary between positive A.W and negative Ah4
(shown by the arrows) has reached latitude 40 , where it remains for the rest of the storm. The decrease of M is attributed to the downwelling (negative W,,) that balances the upwelling at higher latitudes, but the boundary between positive and negative W, lies near latitude 50 during the storm, some distance poleward of the corresponding boundary in AM. The penetration of the region of negative AM into the region of downwelling is due to horizontal advection by the storm circulation, the degree of penetration being determined by a balance between downwelling and horizontal advection. This balance depends on the strength of the storm and also on season. Poleward of the aurora1 oval, AM and W, are positive throughout the storm to 12 ST, but collapse thereafter. During the recovery (18 ST and later), the thermosphere settles back to normal, with IV,, small and negative at high latitudes as the global storm circulation reverses and establishes a weak poleward wind. Figure 5 shows the evolution of temperature, mean molecular mass and divergence velocity with stormtime, at latitudes 70, 50 and 30 ~ At all three latitudes the temperature has peaked by the end of the storm (12 ST), and by 30 ST has recovered to within 100 K or so of its pre-storm value. The molecular mass responds rather more sluggishly, both to the storm heating and to its cessation, particularly at 30 Recovery is incomplete at 30 ST. and approaches completion only at 100-150 ST (not shown in Fig. 5 ). The strong upwelling at 70' is closely confined to the period of the heat input, which is not surprising in view of the energy needed to drive the upwelling. The downwelling at lower latitudes also stops within about 3 h of the end of the storm. The dip in T and M at 9 ST is associated with the reduction of activity from I(,, = 6 to k;, = 5 at 6 ST.
DISWSSION
The results presented in this paper show that energy inputs in the aurora1 latitudes can lead to increases of molecular gas concentration in the mid-latitude thermosphere, contrary to the conclusions of earlier papers (RISHB~TH c'f al., 1985 , 1987a . This strongly supports the ~composition change' theory of F2-layer storms, and may dispose of any need to invoke a significant energy input from the Dst ring current as a mechanism for composition changes (FULLER-ROWELL et ul., 1990) . It therefore seems likely that the composition changes during storms detected by satellite-borne instruments (e.g. PR~LSS, 1987) can be explained in terms of the aurora]-oval energy inputs. In particular, the penetration of the composition disturbance to low latitudes in the early morning sector, especially in summer, agrees with the satellite observations. There now seems to be no major difference between the results of the Boulder NCAR TIGCM and the UCL 2DTD and 3DTD models. often seen in the low-latitude and winter mid-latitude FZ-layer are due to decreases of mean molecular mass produced by downwelling, that is. the downward flow of air remote from the high-latitude energy inputs.
